Monoclonal antibodies (mAbs) were raised against Penicillium islandicum, a fungus commonly isolated from stored rice grains in South-East Asia. Mice were immunized by a direct, simple method; fresh cell-free surface washings from a solid agar slant culture were injected directly into the peritoneum without prior concentration. Hybridoma supernatants were screened by ELISA. Most of the mAbs raised cross-reacted with other storage fungi and/or uninfected rice grains but three were species-specific. One of these, PIO1, was used to develop ELISA and DIP-STICK assays for the detection of P. islandicum in individual grains. All inoculated grains and approximately 90% of grains in natural infected samples from Indonesia tested positively, by ELISA, for P. islandicum. This result and those obtained for discoloured grains from both Indonesia and the Philippines, 32% and 14% respectively, are higher than those obtained by direct plating of surface-sterilized grains. Heat and periodate treatment of the PIOl antigen and binding on Western blots indicate that it is a glycoprotein of M,. > 9OOOO.
Introduction
Many species of Penicillium are known to produce mycotoxins. Penicillium islandicum, a cause of one type of yellowing in stored milled rice, has been associated with toxicity, particularly in South-East Asia (Tsunoda, 1953) . Symptoms include liver lesions, cirrhosis and primary liver cancer (Moreau, 1979) . The detection of toxigenic species is therefore of considerable importance but the identification of Penicillium spp. requires expertise and standard isolation procedures that are often unsatisfactory (see Pitt, 1979) . A rapid assay such as an enzyme-linked immunosorbent assay (ELISA) or DOT-BLOT immunoassay is needed that would specifically differentiate P. islandicum from other species of Penicillium or Aspergillus. Notermans et al. (1987) developed a relatively specific antiserum that recognized only species of Penicillium and Aspergillus but apparently f Present address: School of Biochemistry, University of Melbourne, Parkville, Victoria 3052, Australia.
Abbreviations : FBS, foetal bovine serum ; HAZA, hypoxanthine azaserine; mAb, monoclonal antibody; PBS, phosphate-buffered saline; PBST, PBS with 0.05% Tween 20; PVDF, polyvinylidene difluoride ; TBS, Tris-buffered saline; TCMC, tissue culture medium control (contains 5 % FBS).
no-one has yet developed antiserum or monoclonal antibodies (mAbs) that will detect only one species of Penicillium and differentiate it from all others. However, because it has now been shown that it is possible to raise mAbs of varying specificity against fungi (Dewey et al., 1989a, b) and use these to develop immunoassays, we decided to try to raise mAbs specific for P. islandicum.
The present communication describes a method for the specific detection of P. islandicum in rice grains by ELISA and DIP-STICK immunoassays using mA bs raised against surface washings of the fungus.
Methods

Rice samples, fungal cultures and preparation of the immunogen.
Samples of white milled rice, both naturally infected and non-infected 'good' rice, were obtained from Indonesia and the Philippines. Inoculation of rice grains with fungi in the laboratory was done with commercial milled white rice samples, purchased in the UK, and 'good' samples from Indonesia and the Philippines.
All cultures of fungi (Table 1) were originally isolated by a direct plating technique (Phillips et al., 1988) from naturally infected grains collected from dry stored rough rice from Indonesia. Isolates were maintained in pure culture on agar slants.
Cultures (5-d-old) of P. islandicum, grown on yeast/starch agar slants (YSA) (Cooney & Emerson, 1964) at 30 "C, were washed briefly with 1 ml phosphate-buffered saline (PBS; 0.8% NaC1,0.02% KCl, 0.1 15% Na2HP04, 0.02% KH2P04, pH 7.2). To help wet the hydrophobic surface of the culture, the mycelial surface was gently stroked with a sterile plastic pipette tip. The resulting fluid, approximately 800 p1 in volume, was removed by suction, placed in an Eppendorf tube and spun in a Microfuge for 2 min at 13 250 g to remove cell debris, and then used immediately as the immunogen without prior concentration or freezing. This solution contained approximately 1.5 mg protein ml-l as determined by the Lowry method. Three female Balb/C mice (6-week-old) were given three intraperitoneal injections of 300 pl (about 500 pg protein) of the immunogen at 0,2 and 8 weeks. Two mice were bled from the tail vein 5 d after the third injection.
Production of' hybridomas. Methods for cell culture and the fusion protocol were the same as those used in preparation of mAbs to Humicola lanuginosa and Ophiostoma ulmi (Dewey et al., 1989a, b) . Cells of the myeloma cell line SP2/0-Ag14 were fused with splenocytes from an immunized mouse by suspending them in 30% (w/v) polyethylene glycol (PEG), M , 1500, in serum-free RPMI 1640 (Flow Labs) for 7 min including a 2 min spin at 500 g. PEG was removed by suction, the cells slowly resuspended in 5 ml non-supplemented RPMI and finally further diluted into 45 ml RPMI with 20% (v/v) foetal bovine serum (FBS) and plated out into ten 96-well trays at 50 pl per well. After 24 h 50 yl of selective medium containing double-strength hypoxanthine azaserine (HAZA) (Foung et al., 1982) was added to each well. After 7 to 10 d, wells containing clones were identified and supernatants assayed for antibodies by ELISA using wells coated with surface washings of P. islandicum. Selected cell lines were re-cloned, grown in bulk in non-selective medium, preserved by freezing slowly in FBS/ DMSO (92 :8, v/v) and maintained in liquid nitrogen.
Zmmunoassays
ELISA. Screening assays used were the same as those described previously (Dewey & Brasier, 1988) . Wells were coated overnight at 4 "C with surface washings (20-fold dilution) of either P . islandicum or another test fungus (25 pg protein ml-l) in PBS. Wells were incubated for 2 h with the primary antibody, 1 h with the secondary antibody conjugate [Sigma no. 0412; goat anti-mouse polyvalent (IgG + IgM) peroxidase conjugate diluted 200-fold in PBST (PBS with 0.05% Tween 20)], and 30 min with the substrate, tetramethylbenzidene, in acetate/citrate buffer, pH 5.4. The reaction was stopped by adding 2.5 M-H,SO,. All washings between incubations were with PBST. The A,,, was read immediately on a Titertek Miniscan or a Dynatech MR 700 Microplate Reader that had been blanked against an empty unused well. Wells were considered positive if they had absorbance readings > 3 times the control wells. Control wells were incubated with tissue culture medium containing 5% FBS in place of hybridoma supernatant. Each test plate contained eight control wells. Antibody and substrate incubations were all done at room temperature.
The diagnostic ELISA test used for routine testing of natural rice samples was essentially the same procedure as that above. Wells were passively coated with fungal antigens that had diffused out from infected grains soaked individually, overnight, in 150 yl PBS in microtitre wells.
DIP-STZCK. These assays were essentially the same as those developed for detection of H . lanuginosa in rice grains . Strips, 2 x 25 mm, of Millipore polyvinylidene difluoride (PVDF) membrane (Immobilon 11) were pre-wetted in 100% methanol followed by water. They were then placed overnight in Eppendorf tubes containing individual rice grains immersed in 200 yl PBS. After removal, the strips were air-dried and processed collectively in Universal tubes. Strips were re-wetted in methanol and then water, blocked with a 5% (wlv) solution of BSA in Tris-buffered saline (TBS; 20 mM-Tris/HCl, 0.9% NaCl, pH 8.2) for 30 min, exposed to the undiluted primary antibody for 2 h, incubated with Janssen AuroProbe (BL grade) goat anti-mouse IgG + IgM gold conjugate (diluted 1/100) for 1 h, treated with Janssen silver enhancer (Intense 11) for a maximum of 30 min and finally washed in several changes of distilled water. Incubations and washings were done at room temperature on a rocking table. Washings between incubations were each 3 x 5 rnin with TBS containing 0.1 % BSA.
immunojuorescence. Mycelium of P. islandicum was grown on glass slides and fixed and immunostained by the same methods as those used by Dewey et al. (1984) to detect Phaeolus schweinitzii. Slides were airdried and fixed by immersing in ethanol/chloroform/formalin (6 : 3 : 1, by vol.) for 3 min, 95% methanol for 4 min, rinsed briefly in distilled water and finally air-dried. Wells were incubated with 15 p1 of primary antibody, PIOl , for 1 h and the secondary fluorescein-conjugated goat anti-mouse antibody (Sigma no. F-9006) for 30 min. Slides were washed by immersing in PBS for 3 x 5 rnin between and after incubations. Stained tissue was mounted in Citifluor PBS/glycerol mounting medium (City University, London, UK) and viewed and photographed with a Zeiss indirect fluorescence microscope.
Determination of immunoglobulin subclass.
A modified E LISA test was used (Dewey ef al., 1989a) . mAbs were captured in wells coated overnight at 4 "C with goat ,aoti-mause IgG + IgM in PBS and probed at room temperature for 1 h with a dilution in PBST of goat anti-mouse peroxidase conjugate specific for one of subclasses IgG 1, IgG2a, IgG2b, IgG3 or IgM (Nordic isotyping subclass specific conjugate).
Characterization of PIOl antigen : heat and periodate treatment. Heat stability of surface antigens was tested by either heating PBS surface washings at 65, 75 or 100 "C for 5 rnin or autoclaving at 15 p.s.i. for 15 min and centrifuging to remove any precipitates before coating microtitre wells for ELISA tests in the usual manner.
Sensitivity of surface antigens to periodate treatment was assessed by incubating wells coated with untreated surface antigens with 20 mMsodium periodate in 50 mwacetate buffer, pH 4.5, for 10 min, 30 rnin or 1 , 2 and 16 h. Control wells were incubated with acetate buffer only. All wells were washed 5 times with PBST, 1 min each time.
Gel electrophoresis and Western blotting. Electrophoresis was done according to the method of Laemmli (1970) under denaturing conditions using 12-5 % polyacrylamide slab gels with a 2.5% stacking gel. Samples for electrophoresis were prepared by washing 5-d-old slant cultures with 1 ml of sample buffer and centrifuging the wash to remove cell debris. Samples contained approximately 75, 37 or 20 pg protein in 50 p1 sample buffer per lane. The denaturing sample buffer contained 62-5 mM-Tris/HCl, pH 6.8, 10% (w/v) sucrose, 0.002% bromophenol blue, 2% (w/v) SDS and 10 mM-dithiothreitol. Electrophoresis was at 250 V for 3 h.
Gel proteins were transferred electrophoretically, using a Janssen semi-dry blotter (JKA), onto the Millipore PVDF membrane Immobilon I1 at 0.8 mA cm-2 of membrane for 1 h with the following buffers: anode buffer 1, 0-3 M-Tris in 20% (v/v) methanol, pH 10-4; anode buffer 2, 25 mM-Tris in 20% (v/v) methanol, pH 10-4; and cathode buffer, 40 m~-6-amino-n-hexanoic acid in 20% (v/v) methanol, pH 7.2. The Immobilon membrane was initially wetted in methanol and then water. After transfer, membranes were either (a) blocked with PBST for 30min and stained for total protein by immersing in Janssen AuroDye forte for 10 to 20 rnin and washing with distilled water; (b) stained for glycoproteins using the Boehringer glycan detection kit ; or (c) blocked with a 5% solution of BSA in TBS for 1 h and immunostained. For the latter, the membrane was incubated for 16 h with the mAb PI01 (undiluted tissue culture supernatant) followed by Janssen AuroProbe (BL grade) goat anti-mouse IgG + IgM gold conjugate (diluted 1/100) for 16 h. The membrane was washed with TBS for 3 x 5 min between treatments with primary and secondary antibody and 2 x 5 min after the secondary antibody followed by 2 x I rnin with distilled water. The gold stain was enhanced using the Janssen silver enhancement kit, Intense 11, as described above. Membranes were agitated gently for all incubations.
Titre of (polyclonaT) antisera
End-point titres of antisera from the two mice were not determined but titres of antisera taken from second bleed (after three injections) were similar and very high. Absorbance values for antisera diluted 1 in 20000 tested against surface washings of P. islandicum diluted 20-fold into PBS were 0.822 and 1.532 respectively. Pre-immune sera, similarly tested, gave absorbance values near those of the tissue culture medium controls (TCMCs), i.e.
0.096.
Fusion and monoclonal antibodies
From one fusion 120 hybridoma clones were obtained; supernatants from 20 of these cell lines tested positively for P. islandicum giving absorbance values of > 3 x TCMC. Nine cell lines were further tested against other species of Penicillium, Botrytis and Trichoderma (Table 2) and two, PIOl and PI02, were recloned and grown in bulk. Supernatants from most cell lines were relatively non-specific : one, JDI, gave strong cross-reactions with both the Botrytis sp. and the Trichoderma sp. Four hybridoma supernatants, PI02, EH 12, JDI and EE 12, reacted more strongly with the Trichoderma sp. than any of the other test fungi. Preliminary testing indicated that three cell lines, EH7, PIOl and EG6, secreted speciesspecific mAbs but only one of these species-specific cell lines, PIO1, proved stable. Cell lines PIOl and PI02 were recloned twice and further tested against other species of PeniciZlium and Aspergillus that are commonly found in stored grains. PI02, like polyclonal antisera, crossreacted with all the test fungi, whereas PIOl did not give significant cross-reactions with other storage fungi (Fig. 1) .
Immunoglobulin class and subclass typing
Tests by ELISA using Nordic subclass typing conjugates indicated that PIOl was an IgG subclass 1 antibody and PI02 an IgM antibody. 
Immunofluorescence
All hyphae of P . islandicum, both old and young, stained brightly with mAb PIOl but mature conidia stained only weakly (Fig. 2) .
Development of diagnostic assays
ELISA. The most successful method of detecting fungal antigens in naturally infected or inoculated grains involved passive coating of microtitre wells with diffusates from grains. Grains were soaked overnight, individually in single wells containing 150 pl PBS. Supernatants from one cell line, PIO1, clearly distinguished grains of inoculated milled rice from control grains (Table 3) but supernatants from PI02, or polyclonal antibodies diluted 1 in 1000, cross-reacted giving higher absorbance values with diffusates from healthy grains than from infected grains. When a sample of naturally infected grain from Indonesia was tested with PIOl by this method, approximately 90% of the grains tested positively but absorbance values were much lower than for inoculated grains. Approximately 32% and 14% of hand-picked yellowed grains from naturally infected samples from Indonesia and the Philippines tested positively for P. islandicum (Table 3) . 'Good' samples of white rice that did not contain yellowed grains all tested negatively.
DIP-STICK assays.
Control 'good' grains and grains inoculated with Penicillium sp. isolate XCII tested negatively, and grains inoculated with P . islandicum were strongly positive (Fig. 3) . 
Periodate and heat treatment of PI01 antigen
When surface washings were boiled for 5 min before coating the ELISA wells the activity of the antigen was reduced by half but one-third of the activity still remained after autoclaving. Sodium periodate treatment of antigen-coated wells caused a slight increase in the reactivity of the wells for the first hour, but thereafter activities were reduced. Wells incubated for 16 h had half the activity of untreated wells (Table 4) . * Good rice -rice dried as soon as possible after harvest; discoloured rice -yellow colour as described by t Samples positive by ELISA (using mAb PIO1) were those with absorbance value > 3 times the TCMC.
Phillips et al. (1984).
Percentage infection as determined by a plating-out technique (Phillips et ul., 1984) . 
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Gel electrophoresis and Western blotting
In Western blots of SDS-PAGE gels of surface washings of P . islandicum three bands could be seen within an immunopositive and glycan-positive region (Fig. 4) . The middle band corresponded approximately to the M , 92000 marker. These bands could be seen only faintly on the blots stained for proteins. Lower M, (< 66000), nonimmunopositive peptide bands, were clearly evident on the protein blot but not on the glycoprotein or immunostained blots.
Discussion
In this study we have shown that saline surface washings of a solid culture of P . islandicum can be used directly, without concentration or Freund's adjuvant, both as an immunogen and as a source of antigens to screen hybridoma supernatants for species-specific mAbs. This very simple method reduces considerably the time and effort involved in raising hybridomas that secrete mAbs to fungi that are species-specific. It also provides a mechanism for raising mAbs to surface molecules that are easily removed and therefore negates lengthy extraction procedures in diagnostic assays to detect the fungus in or on its natural substrate/host. It is not known if this method can be used with all fungi that can be grown in vitro but it has been used equally successfully by us to raise a specific mAb to H . lanuginosa (Dewey et al., 1989a) . Polonelli et al. (1986) used a similar method to raise antibodies to mycopathogens but their antigenic material was not necessarily limited to surface molecules, since they included Merthiolate in the bathing solution.
We have shown by immunofluorescence and ELISA that the species-specific mAb PIO1, which is an IgGl antibody, binds to antigens present in the hyphal wall region and in surface washings. The resistance of this antigen to heat and periodate treatment together with other evidence (Fig. 4) suggests that it is a glycoprotein with three major peptide components. These results are (1986) , who raised mAbs to extracellular glycoproteins of Phytophthora megasperma f. sp. glycinea and zoospores of Phytophthora cinnamomi, respectively. Both groups of workers found that the mAbs with the highest specificity were IgG 1 antibodies. Wycoff et al. (1987) also found that those mAbs that bound to extracellular glycoproteins in ELISA tests would also bind to hyphal fragments.
mAb PIOl proved to be a useful tool in the detection of P. islandicum in rice grains and could provide a quick means of screening large batches of grain. ELISA tests enabled us to detect P . islandicum in grains that had not been surface sterilized. We found that estimates of the percentage of grains infected determined by ELISA were higher that those estimates obtained by conventional plating. This is to be expected since the latter method depends on surface sterilization to prevent overgrowth from spores of quick-growing contaminant fungi. Information on true mycelial growth on the surface of the grain is therefore necessarily lost when grains are surface sterilized.
Much lower ELISA values were found for naturally infected grains than for inoculated grains, Examination of these grains by eye and microscopically (data not presented) confirmed the presence of a greater quantity of fungus in the inoculated grain. Similarly, in parallel studies with grains inoculated or naturally infected with H . lanuginosa (Dewey et al., 1989a) , considerably more fungus was detected in inoculated grains.
The strong binding of PI01 to mycelia but not to mature conidia means that assays employing this mAb can be used to detect active growth of the organism and differentiate it from the mere presence of spores. This will enable quick screening of large numbers of grains samples. It would also be useful for screening other xerophilic environments, such as house dust, where miteassociated growth of the organism is suspected, but not proven, of being involved in allergic diseases such as asthma (Lustgraaf, 1978) . The potential of speciesspecific assays such as this one to detect and differentiate any one of the numerous species of Penicillium is enormous.
